Surface components of virulent and attenuated Leptospira interrogans serovar grippotyphosa were compared by using Triton X-114 solubilization and phase partitioning, immunoprecipitation of intact organisms, and freeze-fracture electron microscopy. Removal of the leptospiral outer membrane by using 0.1% Triton X-114 was demonstrated by whole-mount electron microscopy and by essentially complete solubilization of a lipopolysaccharidelike substance (LLS) from the outer membrane. Triton X-114 (0.1%) did not solubilize subsurface proteins, such as endoflagellar filaments or penicillin-binding proteins, which are markers for the periplasmic space and inner membrane, respectively. Triton X-114 solubilized material from both the virulent and attenuated strains, which partitioned into the hydrophobic, detergent phase, contained LLS and major proteins of 41 and 44 kDa, which were also immunoprecipitable from intact organisms. The virulent strain contained greater amounts of an LLS component with an apparent molecular mass of 30 kDa (Rf = 0.57), whereas the attenuated strain contained larger amounts of an LLS component with an apparent molecular mass of 20 kDa (Rf = 0.74). Differences in protein components between virulent and attenuated organisms were also detected; whereas the 41-and 44-kDa proteins were immunoprecipitated in equal amounts from both the virulent and attenuated strains, a 33-kDa protein was immunoprecipitated in significantly greater amounts from the attenuated strain. Quantitation of outer membrane particle density by freeze-fracture electron microscopy showed that both strains had a low transmembrane outer membrane protein content compared with that of typical gram-negative bacteria. The virulent and attenuated strains had 443 and 990 particles (P < 0.000001) per Im2 , respectively, in the concave outer membrane fracture face. These findings suggest that in vitro cultivation of L. interrogans is accompanied by quantitative and qualitative changes in both LLS and outer membrane-associated proteins.
Leptospirosis is a widespread zoonosis caused by Leptospira interrogans, a pathogen capable of infecting most mammalian species through either direct contact with an infected animal or indirect contact with contaminated soil or water. In humans, it is a common cause of serious acute febrile illness in tropical areas of the world (17) . Leptospirosis is also an important cause of abortion, stillbirth, infertility, decreased milk production, and death in livestock (50) . Control efforts have been hampered because virulent leptospires have the capacity for both long-term survival in the environment as well as persistent infection and shedding by wildlife and livestock. Currently available leptospiral vaccines produce short-term immunity and do not provide cross-protection against many of the serovars of L. interrogans (50) . These vaccines consist of inactivated whole organisms or outer envelope preparations which produce seroreactivity as determined by microscopic agglutination of intact organisms (5) . The nature of the protective immunogens in these vaccine preparations has not been conclusively elucidated, although several lines of evidence suggest that lipopolysaccharidelike substance (LLS) antibodies confer a considerable degree of protection (19, 28, 29, 35) .
There is little knowledge regarding the molecular basis of leptospiral pathogenicity. The produce a hemolysin with sphingomyelinase activity (42) , other potential virulence factors have not been described. The outer membrane of Leptospira spp. is a labile structure easily damaged by mechanical trauma or chemical treatment (23) . Techniques used to identify outer membrane proteins in gram-negative bacteria have not adequately addressed the structural fragility of other spirochetes, such as Treponema pallidum (15, 38, 39, 41, 47, 58, 59) .
In this report we describe ultrastructural and antigenic studies designed to address the identity of surface molecules of virulent and isogenic culture-attenuated L. interrogans. Our findings include the observations that the content of transmembrane outer membrane protein of virulent L. interrogans was low compared with that of other bacteria and most closely resembled the rare content of transmembrane protein of the T. pallidum outer membrane (59) and that this protein content increased in parallel with culture attenuation along with a corresponding increase in amount of a 33-kDa polypeptide surface antigen. Differences in LLS composition and surface exposure were also noted between virulent and attenuated L. interrogans.
MATERIALS AND METHODS
Bacteria. Leptospira interrogans serovar grippotyphosa (strain RM52) was originally isolated from material submitted to the Veterinary Diagnostic Laboratory at Iowa State University during an outbreak of swine abortion in 1983 (51) . Samples of the isolate were either stored in liquid nitrogen 1132 HAAKE ET AL. (3) or passaged weekly or biweekly in liquid EMJH medium (26) . Thirty-three-week-old weanling hamsters were used in testing strains for virulence. Groups of three hamsters were inoculated intraperitoneally with serial 10-fold dilutions from a liquid culture. Surviving hamsters were euthanized at 14 days postinoculation, and kidney and liver tissues were collected at necropsy and cultured in semisolid EMJH medium (26) . Ultrastructural and biochemical studies of the virulent strain were performed on bacteria that had been passaged fewer than five times from hamster isolation. The attenuated strain has been passaged more than 200 times since 1983.
Antisera. Rabbits were immunized with a 1-ml phosphatebuffered saline (PBS) suspension of 2 x 108 virulent or attenuated whole L. interrogans serovar grippotyphosa mixed with 1 ml of Freund's incomplete adjuvant given in equally divided amounts at two intramuscular and two subcutaneous sites. Animals were injected after 1 week with a similar preparation by using the same combined intramuscular-subcutaneous route. Animals were next injected after 4 months with a 1-ml suspension of 4 x 108 L. interrogans serovar grippotyphosa given intravenously. Serum samples were collected 2 weeks after the final injection.
SDS-PAGE and immunoblotting. Samples for sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) were boiled for 10 min in final sample buffer (FSB) composed of 62.5 mM Tris hydrochloride (pH 6.8), 10% glycerol, and 2% SDS and then separated by electrophoresis on 2.5% stacking and 10 to 15% linear gradient polyacrylamide gels by using the discontinuous buffer system of Laemmli (32) . After electrophoresis, gels either were stained with Coomassie brilliant blue or periodate silver (56) or were transferred to nitrocellulose for immunoblotting (55) . For antigenic detection on immunoblots, the nitrocellulose was blocked with 3% nonfat dry milk in Tris-saline-azide (M-TSA), incubated overnight with antiserum diluted 1:15 in M-TSA, and probed with radiolabeled 125I-staphylococcal protein A. Autoradiography was performed with preflashed Kodak XAR-5 film (Eastman Kodak Co., Rochester, N.Y.) and intensifying screens at -70°C.
Triton X-114 extraction and phase partitioning. Extraction and phase partitioning of leptospiral proteins were performed as previously described for T. pallidum (15) . All manipulations were performed at 4°C except as noted. Leptospires were washed three times in PBS (pH 7.4) containing 5 mM MgCl2. After the third wash, organisms were resuspended in 10 mM Tris hydrochloride-2 mM EDTA (TE; pH 7.4) at a concentration of 5 x 109 organisms per ml. The leptospirae retained motility throughout the three PBS washes. Triton X-114 (TX-114; 10%) was added to bacterial suspensions to yield final concentrations of 0.1 and 1.0%. After incubation for 30 min, samples were centrifuged for 10 min at 17,000 x g, and the pellet (protoplasmic cylinders) was resuspended in FSB. Additional 10% was next added to the supernatant to give a final concentration of 2%. Phase separation was performed by warming the supernatant to 37°C for 10 min and subjecting it to centrifugation for 10 min at 2,000 x g at room temperature. Separated detergent and aqueous phases were then washed four times in the following manner. The aqueous phase was chilled in an ice bath, and 10% TX-114 was added to a final concentration of 2%, which was followed by warming to 37°C and centrifugation as described above. The detergent phase was chilled in an ice bath, diluted with nine parts TE buffer, warmed to 37°C, and centrifuged as described above. After washing, detergent-and aqueous-phase proteins were precipitated with acetone as described previously (15) and resuspended in FSB for analysis by SDS-PAGE and immunoblotting.
Intrinsic radiolabeling of penicillin-binding proteins. L. interrogans serovar grippotyphosa penicillin-binding proteins were radiolabeled by a modification of the method of Spratt (46) . Briefly, 8.7 nmol of "S-benzylpenicillin (DuPont Company, New England Nuclear Research Products, Boston, Mass.) was added to 2 x 109 virulent leptospires in 2 ml of culture medium. After incubation at 30°C for 1 h, bacteria were extracted with 0.1% TX-114 and separated into detergent, aqueous, and protoplasmic cylinder fractions as described above. A control experiment was performed in which 1 mM unlabeled benzylpenicillin was added prior to addition of 35S-benzylpenicillin. After SDS-PAGE and Coomassie brilliant blue staining of these fractions, the gel was destained in 5% methanol-7.5% acetic acid, washed three times in distilled water, impregnated with Autofluor (National Diagnostics, Somerville, N.J.), dried, and exposed to preflashed Kodak XAR-5 X-ray film and intensifying screens at -70°C for 21 days.
Electron microscopy. Leptospires were prepared for whole-mount electron microscopy by the single-droplet method as described previously (15) , except that organisms were treated with 0.1% TX-114 at 4°C prior to application to Formvar (Ted Pella, Inc., Tustin, Calif.) and carbon-coated copper grids (300 mesh; Ted Pella). The grids were then washed with ice-cold 150 mM NaCl and negatively stained with 1% uranyl acetate (Sigma Chemical Co., St. Louis, Mo.). Micrographs were taken at 80 kV of accelerating voltage on a JEOL 100CXII electron microscope. Freezefracture electron microscopy and particle density quantitation were performed as previously described (59 10 times with Tris-saline-azide over a 2-h period. To elute antibody, the strips were incubated in 3 ml of 0.1 M glycine hydrochloride buffer (pH 2)-0.5% bovine serum albumin for 30 min, which was followed by the addition of 600 ,ul of 1 M Tris, pH 9.0. Eluted antibody from the different strips was then diluted 1:2 in M-TSA and used to identify leptospiral polypeptides as described above for immunoblotting. (Fig. 3) . Only a small amount of the carbohydrate-containing material remained in the protoplasmic cylinder fraction, suggesting essentially complete solubilization of the leptospiral outer membrane and its associated LLS. Once solubilized in TX-114, the periodate silver-staining leptospiral LLS partitioned exclusively into the detergent phase, confirming the hydrophobic nature of this glycolipid material. The absence of Coomassie-staining bands with an apparent molecular mass of greater than 14 kDa in a gel run with seven times as much material as shown in Fig. 3 confirms the completeness of the proteinase K treatment used in digesting leptospiral proteins (data not shown).
RESULTS
To determine the selectivity of outer membrane removal by using 0.1% TX-114, endoflagellar protein and penicillinbinding proteins, markers for the periplasmic space and inner membrane, respectively, were identified following TX-114 solubilization and phase partitioning. In both virulent and attenuated strains, the 35-and 36-kDa Leptospira endoflagellar proteins (31) were detected by cross-reactive anti-T. pallidum endoflagellar antiserum in only the protoplasmic cylinder fractions (Fig. 4A) mic cylinder fraction, indicating the integrity of the inner membrane and associated constituents following 0.1% TX-114 treatment (Fig. 4B) . Preaddition of unlabeled benzylpenicillin completely blocked binding of these proteins to 35S-benzylpenicillin (data not shown). The molecular weight profile of the leptospiral penicillin-binding proteins was similar to that of T. pallidum (14, 40) .
Comparison of LLS extracted from virulent and attenuated L. interrogans by using 0.1% TX-114. Figure 5A shows the proteinase K resistance of the periodate silver-staining material present on analysis of the whole organism by SDS-PAGE. Immunoblotting of proteinase K-resistant material demonstrates that leptospiral LLS antigens can be resolved into at least four separate bands: three major bands (apparent molecular masses of 30, 24, and 20 kDa and Rf values of 0.57, 0.65, and 0.74, respectively) and one minor band (apparent molecular mass of 16 kDa, Rf = 0.88). Comparison of the LLS immunoblot and periodate silver stain patterns suggests that the antigenicity of LLS material is greater as the molecular weight of leptospiral LLS forms increases. For example, the small LLS band (apparent molecular mass of 30 kDa, Rf = 0.57) present at the top of the LLS band with an apparent molecular mass of 24 kDa (Rf = 0.65) on the immunoblot of the virulent organism (Fig. 5B, lane WV) is not evident on the periodate silver-stained gel (Fig. 5A, lane  WV) . Conversely, the LLS material with an apparent mo- lecular mass of less than 14 kDa (Rf = 0.97) on the periodate silver-stained gel (Fig. 5A, all four lanes) is not evident on the immunoblot (Fig. 5B, all four lanes) . This effect may be due to the limited antigenicity of small LLS precursors that lack terminal sugars. Comparison of the immunoblot patterns of the LLS from the virulent and attenuated strains shows that the LLS antigen with an apparent molecular mass of 30 kDa (Rf = 0.57) is present in greater amounts in the virulent strain, whereas the LLS antigen with an apparent molecular mass of 20 kDa (Rf = 0.74) is present in greater amounts in the attenuated strain (Fig. SB) .
Comparison of proteins extracted from virulent and attenuated L. interrogans by using 0.1% TX-114. Extraction of L. interrogans by using 0.1% TX-114 resulted in the solubilization of a large number of proteins varying in molecular mass from greater than 100 to less than 14 kDa (Fig. 6A) . Most of the solubilized proteins partitioned into the hydrophilic, aqueous phase, whereas 16 proteins partitioned into the hydrophobic, detergent phase. Both the virulent and attenuated strains possessed several TX-114-solubilized proteins which were unique or present in greater amounts. Detergent phase proteins of 35, 39, and 66 kDa appeared to be unique to the virulent strain. By comparison, detergent phase proteins of 32 and 38 kDa appeared to be unique to the attenuated strain. In addition, the 25-and 33-kDa aqueousphase proteins and the 27-and 61-kDa detergent-phase proteins appeared to be expressed in greater amounts in the attenuated strain (Fig. 6A) . The virulent and attenuated strains contained similar amounts of the major detergentphase proteins with molecular masses of 41 and 44 kDa. The electrophoretic mobility of the latter in the detergent phase appeared to be distorted by the presence of leptospiral LLS, giving it an apparent molecular mass of 47 to 48 kDa (Fig.  6A) . A comparison of the virulent and attenuated L. interrogans antigens was performed by immunoblot analysis with antiserum raised against the virulent strain. Aqueous-phase The protein nature of the immunoprecipitated antigens was determined by treatment of these fractions with proteinase K. The 33-, 41-, and 44-kDa antigens are proteins as indicated by their sensitivity to proteinase K (Fig. 7B) . Immunoprecipitated antigens with an apparent molecular mass of less than 33 kDa were not sensitive to proteinase K and likely represent the leptospiral LLS.
In order to determine the fate of the 33-, 41-, and 44-kDa surface-exposed proteins following TX-114 phase partitioning, affinity-purified antibody was prepared against each of these immunoprecipitated proteins and used to probe immunoblots containing TX-114 detergent and aqueous leptospiral fractions. The 33-kDa protein partitioned preferentially into the aqueous phase, whereas the 44-kDa protein partitioned preferentially into the detergent phase (data not shown). In contrast, the 41-kDa protein did not phase partition selectively and was found in both the detergent and aqueous phases.
Freeze-fracture electron microscopy and particle density quantitation. Comparison of the particle density between virulent and attenuated strains of L. interrogans serovar grippotyphosa revealed significant differences. The concave outer membrane fracture face (OMF) particle density of the attenuated strain (Fig. 8B ) was twice that of the virulent strain (Fig. 8A) DISCUSSION Characterization of the surface of pathogenic leptospires will be essential to understand the pathogenesis of leptospiral diseases. The present approach to definition of the surface molecules of L. interrogans was designed to address problems inherent in the known fragility of its cell envelope (23) by using methods which have proven useful in studying other fragile pathogenic spirochetes, such as T. pallidum (15, 38, 39, 41, 47, 59) and Borrelia burgdorferi (8, 58) . As in the cases of T. pallidum (15, 39) and B. burgdorferi (8) titative release of LLS. TX-114 treatment did not solubilize the periplasmic endoflagella or penicillin-binding proteins from the resulting cytoplasmic cylinders. These findings represent the first demonstration of epitopic conservation between endoflagella of T. pallidum and L. interrogans, as well as the first demonstration of L. interrogans penicillinbinding proteins, whose location is in the cytoplasmic membrane of most bacterial species (53) .
Although it is reasonable to conclude that among the molecules released by TX-114 are the transmembrane proteins of the L. interrogans outer membrane, the information provided by the TX-114 fractionation procedure is insufficient to reveal their identities. Despite the quantitative retention of endoflagella and the penicillin-binding proteins by the cytoplasmic cylinders after TX-114 treatment, there is no evidence at present to judge whether the fate of these proteins on TX-114 treatment is reflective of the fate of other periplasmic, cytoplasmic membrane, and cytoplasmic proteins of L. interrogans. Even demonstration of the integrity of the cytoplasmic membrane by electron microscopy of thin sections after TX-114 treatment (15) does not rigorously rule out partial solubilization of the cytoplasmic membrane or leak of cytoplasmic contents. It should also be noted that appearance of proteins in the detergent phase after partitioning does not necessarily indicate the presence of a transmembrane peptide domain. Lipoproteins of T. pallidum which lack predicted transmembrane sequences partition into the TX-114 phase (9, 10, 49) . Procedures useful for radiolabeling the lipid moiety of lipoproteins of T. pallidum and B. burgdorferi with fatty acids such as palmitate cannot be employed for L. interrogans because unlike these other spirochetes, L. interrogans utilizes free fatty acids as the substrate for oxidative metabolism; we therefore have not determined which of the 16 or more proteins which partition into the detergent phase are lipoproteins.
The surface immunoprecipitation procedure provided information corroborating the surface location of certain polypeptides released by TX-114. This technique involved the addition of heat-inactivated antisera directly to a culture of fully motile spirochetes to avoid the possibility that any physical manipulation of the fragile spirochetes, for example, centrifugation, might lead to the artifactual exposure of subsurface antigens. No appreciable amounts of the 35-36-kDa doublet endoflagellar protein were detected, supporting the selectivity of the immunoprecipitation procedure for the identification of surface-exposed proteins. Evidence for surface exposure of LLS and three protein antigens of 33, 41, and 44 kDa was obtained.
We found that the 33-kDa polypeptide identified by the surface immunoprecipitation procedure corresponded to a 33-kDa polypeptide antigen released by TX-114 which partitioned into the hydrophilic aqueous phase. While most transmembrane proteins partition selectively into the TX-114 hydrophobic detergent phase (7), there is at least one example of a porin which partitions selectively into the hydrophilic aqueous phase (34) . It is important to note that the hydrophilic aqueous phase can be more accurately described as a detergent-poor phase (0.03% TX-114) compared with the hydrophobic detergent phase, which is detergent rich (20% TX-114). Therefore, if a membrane protein has a large proportion of hydrophilic domains (such as a porin) or is otherwise relatively incompatible with high concentrations of TX-114, it may partition either partly or completely into the detergent-poor aqueous phase (34 (22, 36) . Other investigators have presented evidence in support of a cell envelope location for several polypeptides of uncertain correspondence to those described in this report, both in terms of molecular weight and native cellular location (16, 27 (Fig. 3) . This result is also consistent with the hydrophobic nature of the long-chain rticle density of virufatty acid component of LLS (11, 43, 57 with an apparent molecular mass of less than 25 kDa which tes; some of these could be immunoprecipitated with serovar-specific monocloular masses of 35 nal antibodies (13) . The pattern and number of leptospiral a doublet probably LLS bands seen by silver staining varied, depending on the re is concern as to L. interrogans serovar studied (12) . Comparison of the tified might have a periodate silver stain (Fig. 5A) and immunoblot (Fig. 5B particles per p.m2 in the concave OMF (41, 59) . In contrast the nonpathogen Spirochaeta aurantia, which has 5,250
particles per p.m2 in the concave OMF (59), more closely resembles the outer membrane particle density of typical gram-negative bacteria, such as Escherichia coli, which have 6,000 to 10,000 particles per p.m2 in the concave OMF (33) .
The rarity of transmembrane outer membrane protein in T. pallidum is an important factor in delaying the activation of the classical complement pathway (6) . We found that the attenuated L. interrogans strain contained considerably more of the surface-exposed 33-kDa polypeptide than the virulent strain from which it was derived by repeated in vitro passage. It is possible that this increase in amount of the 33-kDa polypeptide reflects direct correspondence to the increased transmembrane outer membrane protein content of the attenuated strain. The amount of 33-kDa protein we detected in the aqueous phase of TX-114-fractionated material is consistent with this idea. If one subtracts the number of particles found per square micrometer in the virulent strain OMF (443 in the concave plus 88 in the convex equals 531) from the number found per square micrometer in the attenuated strain OMF (990 in the concave plus 55 in the convex equals 1,045), there is a net increase of 514 particles per p.m2 in the OMF. Multiplying this number by the surface area, 41 p.m2, for a spirochete whose size is approximately that of T. pallidum (4), there is an increase of 2.1 x 104 particles per leptospire; by using Avogadro's number, the increase is 3.5 x 10-20 mol per spirochete. If these particles represent a single species of 33-kDa molecular mass, this would be evident as 5.8 p.g per 5 x 109 leptospires. In Fig. 6A the intensity of the Coomassie-stained 33-kDa polypeptide band derived from 5 x 109 leptospires suggests that several micrograms are present. While the 33-kDa polypeptide is therefore a candidate transmembrane outer membrane protein(s) of L. interrogans, further study is needed to define its actual relationship to the leptospiral outer membrane. If, in contrast, the transmembrane particles of the outer membrane reflect many protein species, each may be present in amounts insufficient for demonstration by conventional means such as Coomassie staining.
Further study is needed to examine the relative contributions of surface protein and LLS to killing of L. interrogans in vivo as well as in vitro. In vivo down-regulation of transmembrane outer membrane protein content could be a factor in the pathogenicity of L. interrogans if down-regulation contributed to the ability of the spirochete to delay complement activation, as in the case of T. pallidum. Leptospires also have the capacity to survive for long periods of time in environmental conditions (20) , an important factor in the transmission of leptospirosis. Increased outer membrane particle density during in vitro cultivation may represent regulation of outer membrane protein expression through sensory transduction (48) , coordinating adaptation to the nutritional and osmotic changes which occur on excretion of L. interrogans from the host.
